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1. GaAs Solar Cell

The major requirements for a solar cell used i spuce apphications are high efficiency at AMO
irradiance and resistance to high energy radiation. Galbin arsenide. with a hand gap of 1.43 eV,

1+ one of the most efficient sunhght to electricity converrer 12501 when the simple diode model
i~ 1ised to caleulate efficiencies at AMO irradiance. GaAs ~oiar colls are more radiation resistant
than <ilicon solar cells and the NP GaAs device has heen reported to bhe more radiation resistant
than sumilar PN solar cells 1. This higher resistancee is probably due o the fact that only 379
of the current i1s generated i the top N layver of the N P cell compared to 69'¢ in the top layer
of @ P N solar cell. This top layer of the cell is most affected by radiation. It has also been
theoretically caleulated that the optimized N P deviee will prove to have a higher efficiency than
a similar PN device (25,

This NP GaAs solar cell will have a thin GalP window layer to reduce the minority carrier
surface recombination velocity from 10¢ cm? see 10 107 em? ‘see. Gal has heen chosen as the
window laver material instecad of Ga,Al; [As to insurce the formation of ohmie contacts that do
not suffer degradation upon exposure to air. The problem of the 3.6 lattice mismateh between
(aAs and GaP will be minimized by keeping the thickness of the epitaxiallh erown window
laver thin enough so that its lattice constant mway be strained clastically to equal that of the
underlying GGaAs. Grid
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Figure 1 Optimized N I A~ -
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*  The optimized N/P GaAs solar cell with a thin GaP window layer is shown below in Figure
1 along with theoretical efficiencies and a loss analysis 2 .

Table 1
Calculated Theoretical Efficiencies
and Loss Analysis for NP GaAs
. - . e ——— .
Loss o Lossi Jae Voo | Fill AMoO 7
Mechanism i ImA,"('m2 volts  Factor ;1% Sun
T LT PR f'.'i":"""“' 't" — = :j"" . -]
Theoretical - . 38.6 1.09
»_'_—‘"I_\i'(_nxinnun o -___i, ﬁ.._._,-j_____‘,_
Recombination . 4.7 i 36.8 - 1.07 i .891 25.9
a. Top Layer . 1.6 ! 13.6° - g - =
b. Bottom Layer : 3.1 18.8% . - - e
" TAbsorption | 1.0 | 36.4 . 107 .890 25.6
"~ Reflection | 2.6 | 354 | 1.07 890 24.9 |
~ Grid | 40 | 340 | 1.07 — -
Transparency |
Resistive | 4.6 — — .890 23.9

* The balance of Jg is generated in the depletion region
Jse = Jtop 1 Jbottom + Jdepl

2. Top Contacts

The generic solar cell structure, including grid lines and busbars, is shown in Figure 2. The
top contacts are designed to remove the generated current from the solar cell. Ideally, grid lines
act as the primary current collectors and receive all of the current from the semiconductor region.
Busbars are the secondary collectors which pick up current from the grids and carry it out of the
active region of the solar cell. This separation of functions allows for a multi-layer metallization
design, so that busbars can be made larger (in cross section) than the grids since they carry more
current. This multi-layer design is usually not used, even when grid optimization is performed
[3-5], however, this design can be shown to provide a higher efficiency solar cell 6].
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Figure 2 Generic solar cell.
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2.1 Grid Losses OF POOR QUALITY

The grid pattern contains several loss mechanisms which reduce the available output power.
Unlike many losces which are dependent on basic physical principles or intrinsic material proper-
ties. the grid losses are mainly dependent on engineering design. Thus. by using loss minimization

7 . an optinnun grid geometry can be found which provides for the best output power for a given
solar cell.

Top contact Josses consist mainly of clectrical (12R) losses and optical losses (transparen-
cysshading). A mathematical deseription of these grid losses is necessary in order to perform
loss minimization.

Electrical Losses - These losses are basically due to ohmic losses (heating) incurred
during removal of power from the solar cell. The geometry of the grid affects the current flow
throughout the cell. so each region will have a loss component Figure 2. The total electric

power loss can be modelled as the sum of these individual Joss components 7.
2 o 72 ,
Plos.s 1 Rlu.s-s 1 (Rubsorber + Rcollerior ! R_f/ri{l i Rbusbar) (11)

Optical Losses The top contacts block some of the light that would normally enter the
solar cell. This optical loss can be defined in terms of the percentage of light that penetrates to
the active region of the solar cell (i.c.. the transparency T).

g def e ‘z‘:””?"“‘--/f"—”fm (0<7T <1 (1.2)
el :

where S4 is the surface area,

The minimizing process requires a low electrical loss (Rioss small) as well as a low optical
loss (T - 1). Since both processes compete with each other, a compromise must be reached
to obtain the minimum total grid loss. By describing the photogenerated current in terms of a
percentage (T') of the maximum possible current I'maz, both losses can be combined into a single
“power loss equation.”

Ilzghl = qA'Nﬁ = qAr](¢ma1T) = Ima:T (13)
Plo.s-s = (ImaJ:T)z(Rabs + Rcoll + Rgrid 2l Rbus) (14)

Finally. using Poynting’s vector, a description of the current flow in point form can be derived
for Pi,,.,. such that:

P :/ J2pdV = (ImazT)?Ripss (1.5)
y

-

In this form. the current density J(z,y, =) can be described thoroughly in any region of the solar
cell. Solution of the integral for each solar cell region can then be compared to (I,,,,”T)ZR,EO,M
to determine the “lumped resistance” belonging to that region. Once cach Ryegion has been
found, the total top contact resistance Rioss can be minimized.

2.2 Current Flow in a Solar Cell

A schematic of how current might flow in an actual cel] is given by Figure 3a.
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Figure 3 (a) Actual current flow model in a solar

cell and (b) theoretical current flow.

This description can be simplified without significant error by using several useful assumptions:

[

[y

Solar cell operates at the short circuit current point.
Uniform photon Hux o is incident over the entire
r y planar surface of the cell.
Uniformn current generation rate thronghout the cell.
Constant current density enters the collector region
from the absorber region in the = direction.
Thickness of collector region (t) is much smaller
than lateral r y dimensions.
Grid,/Bushar contacts are equipotentials

Pgrid- Pbusbar - Pabsorbers Peollector
Resisitivities are uniform within a given regiou.

Pregion ('T- Y, :3) = Po

Busbar

t.

I
1

Absorber

Figure 4 Cylindrical solar cell model.

The resulting theoretical current flow is shown in Figure 3b. However. an optimum grid pattern
for a solar cell concentrator is desired. Since the spot of illumination will be circular in nature. a

cireular grid desigu is suggested. Fignre

4 shows a cvlindrical solar cell model with a theoretical

" current How using these same assumptions.
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2.3 Solution of Ry, R QUALITY

The casiest means of <olving Ry, i~ to individually solve for each Rycgion. The general
placement of the grids and bushars i~ shown in Fisure 4. The grids are circular rings and
the busbars project radially from the center of the solar cell. For a circular solar cell. current
traveling to a grid will be parabolic (J(r) x r) since the area increase as r2. If grids are placed
to inscribe equal arcas. then each grid will receive an equal amount of the total current.

_ 20 1 .o
Grid placemem e, \ . I 1.2.3.....N Grids (1.6)
2N
Radial bushars provide the <hortest path out of the solar cell while mtersecting each grid once.
Tapered busbars are used for case of calculation in evlindrical coordinates. Once the current
densities in cach region have been determined, the power loss equation (2.4) can be solved.
vielding the individual resistances.

0S8 'L
RH’)V\ {) f 2 (17)
7?7',»
Peoll rrf ” 2 ., 201
]?('(; ’ 81-1 - - 1 2 2] . 2 l 81 . 4 18
e A2 L [ na ( )“In ol o (1.8)
N
Parid ﬁrj' ~ 21 -1
R ric L 1.9
ard 6N M 2w q/q \ 2N ( )
PousTf
Yy 1.10
bus 4Muty, ( )
7”:/2 [27‘—5‘”"9 \_:/\‘ ! \":24\] ;]\fu)bry
T 2 B (1.11)

"y

« . . . . . t N . . . .
Grids are made at the narrowest practical limit (with 4 = 2), and this ratio is maintained
- ‘g

as dimensions are increased (;f; 2). So. a scale factor (m) can be introduced to represent the
larger busbar dimensions (uy,.1) relative to the grid line dimensions (wg.ty). That is:

fy o mty } o mly (1.12)

ll'g - I77'll'q wy, muw

9

2.4 Grid Optimization

The optimum grid pattern can be found by solving the output power equation (2.4). The
criterion for the best grid pattern occurs when the output power (Pout) is at a maximum (i.c..
when Py, is minimized).

Puul ) Pmn: Pl()ss (113)
Pmmr - Im(ur";marT (114)
P/ux‘\' - (]771(11T)2Rloss (1 15)

A computer program was written to calenlate and find the maximum output obtamablo by
varying the three unknowns (V.M .and m). and using the given design parameters Table 2' for
the GaA« solar cell concentrator. An example of one optimized grid pattern for 1000 - AM()
sunlight is shown in Figure 5. with numerical results given in Table 3.
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Table 2

N P GaAs Input Parameters for
Grid Optimization
Jl 354 (”I'”"{, L 10 pm pane 156 - 10 % (em
vie ot v t .13 pm peott  1.10 < 10 > lem
1000 wy 10 pm  pyra 168 210 Qem
rp 2 mm l, 5 pm Pous - 1.68 10°° em
Figure 5 Optimized grid pattern for 1000~ AMO.
Table 3
Numerical Results from the Best Grid Pattern
JI000- 35400 17 n = .9172 Raps = 1243 m)
y 10001 249 V T = .9479 Reoll = 5.656 mf}
I, = 4.351 mA N=5 Rgriq = 8167 m{}
Vmazr = 1.150 V M =17 Rpus = 2.444 m()
Prar = 5.003 W m = 2 Ripss — 9.041 mf}

2.5 Multi-Layer Metallization

A comparison between single layer and multi-layer grids is given in Table 4. The multi-
layer design has its maximum impact at higher concentrations and larger cell arcas (i.c., high
currents). A pictorial comparison of the transparency savings with a multi-layer grid pattern 1s

shown in Figure 6.
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Figure 6 Comparison of thick bushar vs. thin bus-
bar pattern: (a) LI grids. 38 busbars. 4
scale (m) (b)) 10 grids. 200 busbars. 1 scale

().
Table 4
Diamcter ;(,‘()n('(‘ntrat,i(m Thick Busbar  Thin Busbar  Improvement
(cm) | () (1) (n) : (%)

: : : g S J,_ e
‘ 100 9447 9293 ; 1.66
1.0 ‘ 300 9129 .8832 3.36
1000 .8605 : .8016 i 7.35

) 00 0160 | 8128 | 495
2.0 300 8703 ’ 7931 : 9.73
1000 : 7944 : 6606 . 20.25

2.6 Experimental Results

The computer program provides specific power losses for each of the semiconductor and
metal layers as part of the optimization. These theoretical values were compared to another grid
program from Sandia National Laboratories 8 5 and found to give similar results for the same

grid design.

Several experimental test solar cells were made using the grid pattern described in Fioure

5. The solar cell is N P GaA~ and closcly matches the optimum design given in Figure | (but
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Figure 7 Dxperimental solar cefl with optiniized
orid pattern.
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Figure 8 1 \" curve of experimental solar cell.

3. Conclusions

The 110 of & GalP window laver o a Ga A= <alar cell will avoid many of the inherent problems
pormally as~ociated with a GaAlA~ window . while ~till proving good passivation of the GaAs
aurface. An aptimized eircular orid desien for ~olar cell concentrators has been shown which
incorporate~ a mmlti-layer metallization «cheme. This mlti-laver design allows for a greater
current carrvine capacity for a unit arca of <hading. which results m a better output etficiency.
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